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ABSTRACT

Digestibility of starches in four rice samples with amylose content (AC) from 1.7 to 55.4%, including a
newly developed high-amylose rice, was investigated. An in vitro enzymatic starch digestion method
and an AOAC method were applied to correlate rapidly digestible starch (RDS), slowly digestible starch
(SDS), resistant starch (RS), and total dietary fiber (TDF) content with the AC in the samples. SDS content
decreased and RS and TDF content increased with the increase in AC. The low-amylose rice (AC=16.1%)
had starch granules with weak crystalline structure and was lower in RS and TDF content even though it
had a higher AC compared to waxy rice. The digestibility of the starches was not correlated with granule
size or degree of crystallinity. The newly developed high-amylose rice starch exhibited a predominant
B-type X-ray diffraction pattern, a great proportion of long chains in amylopectin, high gelatinization
temperature, and semi-compound starch granules which are attributed to its increased resistance to

enzyme digestion.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Starch is classified as rapidly digestible starch (RDS), slowly
digestible starch (SDS), or resistant starch (RS) (Englyst, Kingman
& Cummings, 1992). RS is defined as the portion of dietary starch
that is not digested in the small intestine of a healthy human (Asp,
1992). When ingested, RS causes less starch to be converted to glu-
cose, which has potential impact on diabetes and energy intake;
provides fermentable carbohydrates for colonic bacteria; and pro-
duces short chain fatty acids that have direct health benefits to the
colon and may play other physiological roles (Bird, Lopez-Rubio,
Shrestha & Gidley, 2009). RDS content has been positively corre-
lated to the glycemic index (GI) of starchy foods (Englyst, Englyst,
Hudson, Cole & Cummings, 1999; Englyst, Vinoy, Englyst & Lang,
2003). The potential health benefits associated with SDS have been
reviewed by Zhang and Hamaker (2009).

Abbreviations: AACC, American Association of Cereal Chemistry; AC, amylose
content; AOAC, Association of Official Analytical Chemists; DMSO, dimethyl sulfox-
ide; DSC, differential scanning calorimeter; GBSS, granular bound starch synthetase;
GPC, gel permeation chromatography; RDS, rapidly digestible starch; RS, resistant
starch; SDS, slowly digestible starch; SEM, scanning electron microscope; TDF, total
dietary fiber.
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Many factors, including surface organization (e.g. pores), gran-
ular architecture, starch composition, type of crystal polymorph,
granular size, and the presence of compound granules, affect the
rate and extent of digestion of starch granules (Bird et al., 2009). The
exact underlying mechanism of relative resistance of starch gran-
ules is complicated because those factors are often interconnected.
In general, however, RS content of granular starches is positively
correlated with the level of amylose (Benmoussa, Moldenhauer &
Hamaker, 2007; Cone and Wolters, 1990; Evans and Thompson,
2004; Li, Vasanthan, Hoover & Rossnagel, 2004; Rendleman, 2000;
Riley et al., 2004; Sang, Bean, Seib, Pedersen & Shi, 2008; Themeier,
Hollman, Neese & Lindhauer, 2005; Vasanthan and Bhatty, 1996),
although exceptions in pea starches are notable in that pea starches
with medium amylose contents have high RS contents (Themeier
et al., 2005).

Maize starches with amylose content from 0 to 90% are available
(Shi, Capitani, Trzasko & Jeffcoat, 1998) and a strong correlation has
been reported between amylose and RS content (Morita, Ito, Brown,
Ando & Kiriyama, 2007). Great efforts have been made to develop
other crops containing high-amylose starch because of its unique
functional and nutritional properties (Richardson, Jeffcoat & Shi,
2000). High-amylose potato (Schwall et al., 2000), barley (Morell
et al., 2003), and wheat (Regina et al., 2006) have been developed.
Rice is the second-highest-produced grain in the world after maize
and is a staple food in Asia. We have been developing high-amylose
rice since 2000 (Chen, 2003). The objectives of this study were to
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determine the digestibility of rice starches with a wide range of
amylose contents, including a newly developed rice with greater
than 50% amylose content, and to investigate factors affecting their
digestibility.

2. Materials and methods
2.1. Rice samples

The mature grains of four indica rice cultivars/lines with differ-
ent amylose contents were grown from May to October in 2007
at the experimental farm of Agricultural College, Yangzhou Uni-
versity, Yangzhou, China. The cultivars ‘Yang-fu-nuo’, ‘Yang-dao 6’,
and ‘Te-qing’ contained very low (waxy rice), low, and intermediate
contents of amylose, respectively, and the high-amylose rice (HAR)
was a transgenic rice line generated from the cultivar ‘Te-qing’
(Zhu, 2009). After the mature seeds were harvested and air-dried,
seeds were dehusked in an electrical dehusker (Model SDL-A, Rice
Product Quality Supervision and Inspection Center of Ministry of
Agriculture, China) and polished by a grain polisher (Model Kett,
Tokyo, Japan). The polished rice was ground by a mill (FOSS 1093
Cyclotec Sample Mill, Hogands, Sweden) with a 0.5 mm screen.

2.2. Starch isolation

Rice starches were isolated from polished rice by an alkaline
protease method (Lumdubwong and Seib, 2000) with slight modi-
fications (Zhu, Liu, Sang, Gu & Shi, 2010).

2.3. Composition analysis

Amylose content was determined by a modified Con A method
developed by Yun and Matheson (1990), and total starch was deter-
mined by the AACC Method 76-13 (AACC International, 2000) each
with an assay kit from Megazyme International Ltd. (Wicklow,
Ireland). The moisture content was measured according to the
AACC Air Oven Method 44-19 (AACC International, 2000) at 135°C
for2h.

Crude protein content was measured by nitrogen combustion
with a nitrogen determinator (LECO FP-528, St. Joseph, MI) accord-
ing to AOAC method 990.03 (AOAC International, 1999). Nitrogen
(N) values were converted to protein content by N x 5.95. Crude
ash was determined by AOAC method 942.05 (AOAC International,
1999).

All the tests were done in duplicate.

2.4. Starch digestion profile

RDS, SDS and RS were determined by a modified procedure of
Englyst method (Sang and Seib, 2006).

2.5. Total dietary fiber

Total dietary fiber (TDF) was determined by the AOAC Method
991.43 (AOAC International, 2003) using a TDF assay kit from
Megazyme International Ltd. (Wicklow, Ireland).

2.6. Thermal properties

The thermal transition temperatures of gelatinization and ret-
rogradation of rice starch were measured by a differential scanning
calorimeter (DSC) (DSC Q100, TA Instruments, New Castle DE) as
previously described by Zhu et al. (2010). The solid content was
33.3%. Gelatinization was determined by heating starch in a DSC
pan from 10°C to 140°C at a heating rate of 10 °C/min. The onset
(To), peak (Tp), and conclusion (T¢) of gelatinization temperatures

and the enthalpy of gelatinization (AH) were determined. For ret-
rogradation, gelatinized samples were stored at 4 °C for 1 week and
then rescanned with the same conditions used in the gelatinization
test.

2.7. Debranching of starch

Purified waxy rice and low-amylose rice starches were
debranched by isoamylase (EC3.2.1.68, Hayashibara Biochemical
Laboratories, Inc., Okayama, Japan) as follows. Each starch (20 mg)
was added to 10ml 0.01 N acetate buffer (pH 4.2) in a 12-ml glass
vial with a microstir bar. The vial was placed in a boiling water
bath for 1h. After the solution was cooled to 25°C, isoamylase
(50 wl) was added. The vial was placed in a water bath at 50°C
overnight, cooled to 25°C, frozen in a dry ice/acetone bath, and
freeze-dried. Purified intermediate-amylose rice and high-amylose
rice starches were debranched by isoamylase as follows. Starch
(30 mg) was added to 3 ml dimethyl sulfoxide (DMSO) in a 30 ml
glass vial with a microstir bar. The vial was placed in a boiling water
bath for 20 min with constant stirring. After the mixture was cooled
to 25°C, 10 ml sodium acetate buffer (50 mM) and isoamylase (3 1)
was added. The vial was placed in a 50 °C water bath for 16 h, then
117 ml of ethanol (ethanol:solution=9:1, v/v) was added to pre-
cipitate the debranched starch and the mixture was held at 4°C
overnight. The mixture was centrifuged at 2200 x g for 10 min, and
the supernatant was discarded. The sediment was frozen in a dry
ice/acetone bath, and freeze-dried.

2.8. Gel permeation chromatography (GPC)

Molecular weight distribution of starch was determined by GPC
(PL-GPC 220, Polymer Laboratories Varian, Inc. Amherst, MA) as
previously described (Zhu et al., 2010).

For GPC analysis, 4 mg (dry basis) of each debranched starch was
dissolved in 4 ml DMSO solution in a boiling water bath for 24 h
with constant stirring. Each starch solution was filtered through a
2.0-pm filter, and the filtrate was injected into a GPC system by an
autosampler.

2.9. X-ray diffraction analysis

The crystalline structure of the starches was analyzed by using a
Philips X-ray diffractometer (MAC Science Co. MO3XHF22, Tokyo,
Japan) at 35kV and 20 mA Cu-Ka radiation. Diffractograms were
obtained from 2° to 35° (26) at a scan rate of 2°/min. In addition to
as is samples, starches were hydrated with water and examined at
20 and 40% moisture content.

2.10. Particle size analysis

Particle size distributions of rice flours and starches were mea-
sured using a Beckman Coulter LS 13 320 Laser Diffraction Size
Analyzer (Beckman Coulter, Inc. Brea, CA, USA). Starch samples
were suspended in 1% sodium azide-water solution, sonicated for
30s and then introduced into the universal liquid module until the
required obscuration of 8-12% was achieved. The suspension was
sonicated again for 30 s to assure the suspension had not agglomer-
ated. Approximately 2 g of the flour samples were analyzed dry, in
the tornado module. Atleast 2 replicates were done on each sample.

2.11. Scanning electron microscope (SEM)

The native starch samples with their residue after digestion
were coated with gold palladium using a sputter coater (Den-
ton Vacuum, LLC, Moorestown, NJ) and viewed at 1000x and



L.-J. Zhu et al. / Carbohydrate Polymers 86 (2011) 1751-1759 1753

4000x resolution, respectively, with a scanning electron micro-
scope (S-3500N, Hitachi Science Systems, Ltd., Japan) operating at
an accelerating voltage of 20 kV.

2.12. Statistical analysis

For characterization of the samples, at least two replicate mea-
surements were performed, unless otherwise specified. All data
were reported as the mean =+ standard deviation (mean & SD). The
results were analyzed by using analysis of variance (ANOVA) (SPSS
version 13.0, SPSS Inc., Chicago, IL), and the Student’s t test was used
to examine the differences. Results with a corresponding probabil-
ity value of p <0.05 were considered to be statistically significant.

3. Results and discussion
3.1. Composition of flours and starches

Table 1 shows the composition of flours and starches from the
four rice samples. The amylose content as determined by a ConA
method in endosperm starches of the four rice samples were 1.7,
16.1,22.5 and 55.4%, respectively. Protein content in intermediate-
amylose rice and high-amylose rice starches was higher than thatin
waxy rice and low-amylose rice, presumably because amylose was
synthesized by granular bound starch synthetase (GBSS), and with
increasing amylose content, GBSS, which was bound to the starch
granule and difficult to remove, increased. High-amylose maize
starch tends to have higher protein content than normal maize
starch (Morita etal.,2007). Ash content was increased with increase
in amylose content. In flours, high-amylose rice contained a low
total starch content. Intermediate-amylose rice and waxy rice had
higher protein content than low-amylose rice and high-amylose
rice in flours.

3.2. Structural characterization of starch

The molecular weight distributions of isoamylase-debranched
starches from four rice cultivars were examined by GPC (Fig. 1).
Because waxy rice was ~100% amylopectin, only two well resolved
fractions were observed when the starch was separated by GPC. The
other three rice starches, low-amylose rice, intermediate-amylose
rice, and high-amylose rice, contained both amylose and amy-
lopectin, and thus three well resolved fractions were observed.
The first two fractions, fraction I (F1) and fraction II (F2), were
unit chains from amylopectin (Fig. 1). F1 consists of high molec-
ular weight molecules including long B chains; F2 consists of low
molecular weight molecules including A and short B chains. The
third fraction represented amylose in starch.

GPC analysis indicated that amylopectin chains in high-amylose
rice and intermediate-amylose rice were longer than that in waxy
rice and low-amylose rice (Fig. 1). High-amylose rice appeared

Table 1
Composition of the four rice flours and starches.?

3 -
25 Peakl — Waxy rice
— - Low-amylose rice
2
= — =~ Intermediate-amylose rice
1.5 : :
o = === High-amylose rice
°
3
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e — __Amylose
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4.8 5.8 6.8 7.8
Log MW

Fig. 1. Gel-permeation chromatograms of isoamylase-debranched rice starches.

to contain the highest proportion of long chains in amylopectin
among the four rice starches. The same trend was observed
in maize starches (Shi et al, 1998). High-amylose rice and
intermediate-amylose rice also had longer amylose chains com-
pared to low-amylose rice. It is interesting to note the longer
amylose chains in high-amylose rice. In contrast, amylose chains
in high-amylose maize starches were shorter than that in normal
maize starch (Hizukuri, Abe & Hanashiro, 2006; Shi et al., 1998).

3.3. Gelatinization and retrogradation

The four samples exhibited broad endotherms in gelatiniza-
tion and retrogradation (Fig. 2). Waxy rice starch had the highest
gelatinization onset temperature (Table 2). The high-amylose rice
starch had the highest T, (106.0°C). In agreement with maize
starches with different amylose contents (Shi et al., 1998), the
endotherm of high-amylose rice starch was the broadest among
all samples, followed by intermediate-amylose rice, waxy rice, and
low-amylose rice starch. The low-amylose rice starch had the low-
est gelatinization temperature.

Retrogradation endotherms were observed at 50.4-69.6 °C for
waxy rice, 43.4-66.8°C for low-amylose rice, 41.8-68.5°C for
intermediate-amylose rice, and 43.2-75.3 °C for high-amylose rice
(Table 2). Waxy rice still had the highest T, and T, and high-
amylose rice had the highest T. and broadest endotherm. Melting
of amylose-lipid complex also was observed in retrograded low-
amylose rice, intermediate-amylose rice, and high-amylose rice
starches (Fig. 2B).

3.4. X-ray diffraction patterns
Fig. 3 shows the X-ray diffraction patterns of the four rice

starches. The intensity of the 20° peak, representing amylose-lipid
complex, was increased along with amylose content. Waxy rice,

Sample Waxy rice Low-amylose rice Intermediate-amylose rice High-amylose rice
Starch
Amylose (%) 1.7+03 16.1 £ 0.7 225+03 554 + 0.4
Crude protein (%) 0.38 + 0.00 0.25 + 0.00 0.61 + 0.00 0.83 + 0.00
Ash (%) 0.02 + 0.01 0.11 £+ 0.00 0.14 + 0.01 0.24 + 0.02
Moisture (%) 8.8 +0.0 11.9 £ 0.2 11.8 £ 0.1 129 + 0.0
Flour
Total starch (%) 81.5 £ 0.0 80.7 £ 0.3 835+ 0.8 773 £ 0.3
Crude protein (%) 10.66 + 0.03 9.24 £+ 0.02 11.39 + 0.00 9.37 £ 0.01
Ash (%) 0.55 + 0.01 0.56 + 0.00 0.97 + 0.00 0.49 + 0.00
Moisture (%) 11.0 £ 0.0 11.1 £ 0.0 9.8 +£0.1 9.5+ 0.1

o

All data are means =+ standard deviations, n=2.
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Fig. 2. The gelatinization (A) and retrogradation (B) of four rice starches at 33.3% starch solid as determined by differential scanning calorimetry.

low-amylose rice, and intermediate-amylose rice starches had an
A-type X-ray diffraction pattern with the diffractions at 15°, a dou-
blet at 17° and 18°, and 23° (260). For the high-amylose rice starch
at 20% moisture content, instead of an unresolved doublet at 17
and 18° 26, only one peak at around 17° 260 was observed. In addi-

Table 2

tion, a weak peak at 5° 26 and a broad peak between 21° and 25°
20 were noted. These features (Wei et al., 2010) suggest that the
high-amylose rice starch had a C-type X-ray diffraction pattern
at approximately 20% moisture content. However, when the high-
amylose starch was hydrated to 40% moisture content, a relatively

Gelatinization and retrogradation properties of four rice starches as determined by differential scanning calorimetry.

Sample

Temperature (°C)

Enthalpy? (J/g)

To T, Te AH
Gelatinization
Waxy rice starch? 709+0.3 77.0+0.1 89.8+0.5 18.44+0.2
Low-amylose rice starch 61.6+0.0 67.5+0.0 78.4+0.1 14.9+0.1
Intermediate-amylose rice starch 65.0+0.2 70.9+0.1 85.0+0.6 156+1.3
High-amylose rice starch 65.2+0.6 79.9+0.2 106.0+0.0 15.8+0.7¢
Retrogradation
Waxy rice starch 50.4+0.0 584+19 69.6+2.4 71+£1.7
Low-amylose rice starch 434+0.0 55.5+0.1 66.8+0.1 3.5+0.2
Intermediate-amylose rice starch 41.8+0.3 54.5+0.0 68.5+04 9.5+0.3
High-amylose rice starch 43.2+0.7 56.7+0.1 753+0.3 46+0.3

S

n

From Zhu et al. (2010).

Enthalpy values are based on dry weight of starch. Data are means =+ standard deviation. Starch solid was 33.3%.

Since the gelatinization peak in the high-amylose rice was merged with the peak of amylose-lipid complex, the enthalpy in high-amylose rice showed in this table was
the summation of the gelatinization peak and the melting of amylose-lipid complex peak.
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Fig. 3. X-ray diffraction patterns of four rice starches. (All starches had as-is moisture content of about 12%, except for additional runs of high-amylose rice starch at 20% and
40% water content, and intermediate-amylase rice starch at 40% water content.
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Fig. 4. Particle size of rice flours (A) and starches (B) with different amylose contents.
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Fig. 5. Scanning electron microscopy (SEM) micrographs of native and enzyme-resistant residues.
Table 3
Rapidly digestible starch (RDS), slowly digestible starch (SDS), resistant starch (RS), and total dietary fiber content (TDF) of the isolated starches and flours from four rice
samples.?
Sample RDSP SDSP RSP TDF¢
Starch Flour Starch Flour Starch Flour Starch Flour
Waxy rice 23.1+£02b 354+1.1b 64.2+2.0d 59.77+0.9d 12.76 +1.7 a 494+02b 1.1+00a 51+0.2a
Low-amylose rice 319+04c 46.9+0.0d 575+1.1c 55.75+0.7 ¢ 1032+1.2a 0.0+0.7 a 09+0.2a 63+0.0b
Intermediate-amylose rice 21.2+03a 332+0.1a 455+0.7b 4850+1.2b 33.26+04b 183+13¢c 1.7+0.1b 6.8+0.1¢
High-amylose rice 23.1+0.2b 39.0+04c 21.6+0.0a 27.68+09a 55.34+02c 334+05d 93+04c 1524+03d

a All values were reported on dry basis of starch; Data are means + standard deviation. Means not sharing a common letter in a column are significantly different at p < 0.05.
b Measured by the Englyst method (Sang and Seib, 2006).
¢ Measured by AOAC method 991.43 using an assay kit from Megazyme International Ltd. (Wicklow, Ireland).
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stronger peak at 5° 260 was observed and a doublet between 21° and
25° 260 became apparent, suggesting a predominant B-type crys-
talline structure. The crystallinity of the B-type starch is known
to depend strongly on hydration and increase with water con-
tent (Buléon, Bizot, Delage & Multon, 1982; Buléon, Bizot, Delage
& Pontoire, 1987; Buléon, Véronése & Putaux, 2007). The A-type
crystalline pattern of the three rice starches did not change when
the moisture content was increased from 20 to 40%. As an exam-
ple, the X-ray diffraction pattern of the intermediate-amylose rice
starch is shown in Fig. 3. In maize, the crystalline type of starch is
reported to change from A to B via C with an increase in amylose
content, and the transition occurs at about 40% amylose (Cheetham
and Tao, 1998). Maize starches with greater than 50% have a B-type
crystalline pattern (Cheetham and Tao, 1998; Shi et al., 1998).

3.5. Particle size distribution of rice flours and starches

The particle size distributions of rice flours (A) and starches
(B) are shown in Fig. 4. The flour particle size was the greatest
in high-amylose rice, followed by low-amylose rice, intermediate-
amylose rice, and waxy rice. In isolated starches, high-amylose rice
starch still showed the biggest granule size, followed by waxy rice,
intermediate-amylose rice, and low-amylose rice starches. Mean

>
~
o

P g o
o o o

[#]
o

1757

value of granule size diameter has been suggested to be a factor
that affects starch digestibility (Morita et al., 2007; Tester, Qi &
Karkalas, 2006); however, in this study, no correlation between
granule size and digestibility was found (Figs. 4 and 5 and Table 3).
Morita et al. (2007) reported that in maize starches, granule size
decreases as amylose content increases. We did not find this cor-
relation in the four rice starches examined. The newly developed
high-amylose rice had semi-compound starch granules built from
individual granules (Wei et al., 2010). Compound granules in rice
seem to have complicated the relationship between granule size
and amylose content or digestibility of starch. In addition to gran-
ule size, other factors such as pores on starch (Zhang, Ao & Hamaker,
2006) and molecular structure (Zhang, Venkatachalam & Hamaker,
2006) may affect the digestibility of starch.

3.6. SEM image

SEM micrographs of four rice starch granules before and after
digestion are shown in Fig. 5. In agreement with the particle size
distribution results (Fig. 4), high-amylose rice with compound
starch granules had the biggest granule size, followed by waxy rice,
intermediate-amylose rice, and low-amylose rice (Fig. 5). Waxy
rice starch after digestion showed a coarse honeycomb-like net-
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Fig. 6. The digestibility of starches (A) and flours (B) with increasing amylose content.
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Fig. 7. Relationship between amylose content and total dietary fiber (TDF) content
in rice flours and starches.

work structure as observed by SEM. After digestion the size of
intermediate-amylose rice and low-amylose rice starch granules
was smaller than that of native starches. Some of the high-amylose
rice starch granules showed cracks and were broken into pieces
after digestion, but most compound granules retained a smooth
surface and were resistant to enzyme attack.

3.7. Starch digestibility

A positive correlation was evident between RS and amylose con-
tent (Fig. 6, R=0.93 in starch, R=0.91 in flour). SDS decreased as
amylose content increased and the correlation between SDS and
amylose content was high (Fig. 6, R=0.99 in starch, R=0.99 in flour).
Almost no correlation occurred between RDS and amylose con-
tent (Fig. 6, R=0.33 in starch, R=0.18 in flour). A similar trend was
observed for the TDF results in starches (Table 3 and Fig. 7). TDF
from waxy rice, low-amylose rice, intermediate-amylose rice, and
high-amylose rice starches were 1.1, 0.9, 1.7 and 15.2%, respec-
tively. The same trends also were observed in rice flours, although
levels of RDS, SDS, RS, and TDF differed between flour and starch.

With the increasing levels of amylose, RS content increased,
except for low-amylose rice. Notably, waxy rice has higher RS con-
tent than low-amylose rice (Table 3). Compared to waxy rice starch,
low-amylose rice starch had a lower gelatinization temperature,
lower enthalpy value (Table 2), and lower crystallinity (Fig. 3),
indicating that the low-amylose rice starch granules were weak
and consequently more prone to a-amylase digestion. The results
observed above indicate that other factors aside from amylose con-
tent have an impact on starch digestibility. This was consistent with
previous studies on rice (Eggum, Juliano, Perez & Acedo, 1993; Hu,
Zhao, Duan, Zhang & Wu, 2004) and maize (Morita et al., 2007).

Compared to low-amylose rice and waxy rice starches, the
intermediate-amylose rice starch had a higher proportion of amy-
lose and also longer chains in amylopectin, which have the ability
to form more stable double helices and stronger crystallites to
reduce enzyme susceptibility (Fig. 1). As a result, the intermediate-
amylose rice starch had higher RS and TDF than the low-amylose
and waxy rice starches. Based on the peak area, the four rice
starches had the relative degree of crystallnity in the order of waxy
rice > intermediate amylose rice >low amylose rice > high amylose
rice (Fig. 3). The high-amylose rice had a lower degree of crys-
tallinity than other rice starches (Fig. 3), yet had a higher RS content
(obtained after digestion at 37 °C) and TDF content (obtained after
digestion at 95-100°C) (Table 3), reflecting the important role of
amorphous regions in controlling digestibility of starch (Htoon
et al.,, 2009). Amylose molecules in the amorphous regions may

initially be hydrolyzed by amylases but hydrolyzed molecules may
associate and become resistant to enzyme digestion. Furthermore,
the high-amylose rice had semi-compound starch granules con-
sisting of individual granules, reducing the capacity for amylase to
bind to granule surface and restrict hydrolysis.

4. Conclusion

In conclusion, amylose content was positively correlated with
RS and TDF content in rice flours, and starches ranged from 1.7
to 55% amylose content. However, no correlation between gran-
ule size and digestibility of starch or amylose content was found
in the rice starches. Degree of crystallinity and digestibility also
were not correlated. Compound granules in rice play an important
role in controlling digestion of starch. The newly developed high-
amylose rice had a predominate B-type crystalline structure and
semi-compound starch granules, which reduce amylase binding
and digestion.
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